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ABSTRACT 

. We report new results in our continuing study of the unique compact (1 pc ex- 

qq ' tent), nearby (d — 97 pc), young (t = 9 Myr) stellar cluster dominated by the B9 star 

y—i \ r\ Chamaeleontis. An optical photometric survey spanning 1.3 x 1.3 pc adds two M5 

^NJ ■ - M5.5 weak-lined T Tauri (WTT) stars to the cluster inventory which is likely to be 

ON ' significantly complete for primaries with masses M > 0.15 Mq. The cluster now con- 

, sists of 17 primaries and ~ 9 secondaries lying within 100 AU of their primaries. The 

£Q ■ apparent distribution of 9:7:1 single: binary: triple systems shows 2 — 4x higher multi- 

plicity than in the field main sequence stars, and is comparable to that seen in other 
. pre-main sequence (PMS) populations. The initial mass function (IMF) is consistent 

with that of rich young clusters and field stars. By extending the cluster IMF to lower 
masses, we predict 10 — 14 additional low mass stars with 0.08 < M < 0.15 M Q and 
10 — 15 brown dwarfs with 0.025 < M < 0.08 M Q remain to be discovered. The r\ Cha 
cluster extends the established stellar density and richness relationship for young open 
^3 , clusters. The radial distribution of stars is consistent with an isothermal sphere, but 

mass segregation is present with > 50 percent of the stellar mass residing in the inner 
6 arcmin (0.17 pc). Considering that the rj Cha cluster is sparse, diffuse and young, 
the cluster may be an ideal laboratory for distinguishing between mass segregation 
jJJ ■ that is primordial in nature, or arising from dynamical interaction processes. 
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1 INTRODUCTION 

Most stars form in clustered environments, and it is now 
believed that a significant fraction ar e born in sparse groups 
and clusters with N = 10 - 100 stars jAdams fc Mver J200ll 
lElmegreenll2002l) . Study of the stellar and brown dwarf pop- 
ulations of sparse groups is therefore important for all star 
formation and stellar evolution issues, e.g. the nature of 
the IMF, issues of dynamics and dispersal of young groups 
into the Galactic field, binarity, and the evolution of proto- 
planetary discs. 

Our laboratory to study such issues is the rj Cha star 
cluster — a recently-discovered sparse, young and nearby 
stellar group that is kinematically linked with the rich Sco- 
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Cen (Sco OB2) Association (Mamajek, Lawson & Feigelson 
1999, 2000). Owing to its proximity to the Sun, compactness 
in the sky, and distance from obscuring clouds, the cluster 
provides an excellent laboratory for study of the properties 
of ~ 10 Myr-old 'intermediate-aged' PMS stars. 

iMamaiek et al.l il999t) discovered the r\ Cha cluster 
from a deep ROSAT High Resolution Imager observation. 
X-ray, proper motion, photometric and spectroscopic study 
of the cluster had resulted in the discovery of 15 primaries 
prior to this work (see also Lawson et al. 2001, 2002). In Sec- 
tions 2 and 3, we update the cluster membership with the 
addition of two new M5 WTT stars, and we estimate the 
fraction of multiple systems in the cluster. With a largely 
complete census for stars earlier than ~ M6, we study the 
cluster IMF and its implications for the undiscovered low- 
mass star and brown dwarf population (Section 4). The spa- 
tial distribution of members provides evidence for mass seg- 
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regation which has hithertofore been noted only in much 
richer clusters (Section 5). 



2 OBSERVATIONS AND DATA REDUCTION 

2.1 Photometric selection of candidate members 

Optical colour-magnitude diagrams are a powerful tool aid- 
ing the discovery and characterisation of PMS stellar popu- 
lations (Walter et al]l200fl : lEawson et al.ll200lft . For nearby 
compact, coeval and codistant groups, PMS populations 
form a natural isochrone in the colour-magnitude diagram 
that is elevated in brightness above the location of a ma- 
jority of field stars owing to a combination of stellar youth, 
proximity and, for PMS populations now distant from their 
parent molecular cloud, the absence of significant interstel- 
lar reddening. For PMS groups discovered via others means, 
e.g. X-ray study or objective prism surveys, optical photo- 
metric study also permits an independent eval uation of com- 
pleten ess within the survey field. For example. lLawson et alJ 
(2002) used the (V — 7) versus V colour-magnitude diagram 
to locate X-ray faint PMS stars in the r\ Cha cluster that 
had similar photometric properti es to the X-ray selected 
RECX stars iMamaiek et alj fl999). In a limited area search 
of ~ 500 arcmin 2 mostly near known members, two new 
cluster members were discovered including ECHA J0843.3- 
7905, a rare example of a classical T Tauri (CTT) star in an 
older PMS cluster or association. 

In this paper we report the results of a photometric 
search of the sky surrounding the r\ Cha cluster, unbiased 
with respect to location, spanning 45 x 45 arcmin (~ 2000 
arcmin 2 , or 1.3 x 1.3 pc at d — 97 pc) and centred on a, S 
(2000) = 8h 42m 06s, -79d 01m 38s; the spatial centre of 
the t hree early-type systems in the cluster (Mamaick et al. 

2000) . The extent of the survey field is shown in Figure Q 
where cluster members are identified. 

We used the 1-m telescope and lk x lk SITe charge- 
coupled device (CCD) at the Sutherland site of the South 
African Astronomical Observatory (SAAO) in 2002 January 
to map the field in the Cousins V and 7 bands. The data 
were obtained under photometric conditions in 1.5 — 3 arc- 
sec seeing, with the raw aperture-extracted observations of 
stars in each CCD field then transformed to the standard 
system using observations of southern photometric standard 
stars and extinction values measured for the Sutherland site. 
Exposure times in the V and 7 bands of 90 s and 30 s, 
respectively, permitted detection (for ~ 10 Myr-old PMS 
stars located at d as 100 pc) of stars of spectral type w M6 
with V ~ 18 and (V — I) ~ 4.5 at a photometri c prec i- 
sion better than 3 percent. Following lLawson et alJ {2002), 
we investigated stars with properties approximate to known 
members, choosing objects with magnitudes in the range of 
— 1.0 < V < 1.0 mag of the sequence of RECX stars in the 
(V— 7) versus V colour- magnitude diagram. This criterion is 
intended to account for the possibility of a greater spread of 
ages within the cluster than is apparent in the RECX stars, 
highly reddened stars or binary stars with elevated V mag- 
nitudes, and the likelihood of non-line arities in the colour- 
magn itude relationship for the cluster iLawson fc Feieelsonl 

2001) . With the exception of the three bright early-type 
stars and the two brightest K-type members which saturated 



the CCD, the late- type clusters members were recovered in 
the survey along with sever al of the photometric ally-similar 
non- members discussed by lLawson et alJ i2002f) . Figure |21 
shows the photometric sequence for known and candidate 
late-type members of the cluster. The bold line in this dia- 
gram is the extrapo lated linear sequence of the RECX stars 
lLawson etHfeoOll) . This line likely represents a first-order 
approximation of the real shape of the cluster isochrone in 
the (V — 7) versus V colour- magnitude plane, but has proven 
useful for identifying candidate cluster members. Other de- 
tails of this diagram are discussed below. 

The survey resulted in the identification of two new can- 
didate members, and we detail their spectroscopic charac- 
terisation in the following sections. 

2.2 Spectroscopic confirmation 

Medium-resolution optical spectroscopy of the two new can- 
didates was obtained during 2002 March using the 2.3- 
m telescope and dual-beam spectrograph (DBS) at Mount 
Stromlo and Siding Spring Observatories (MSSSO). In the 
red beam, the 1200R (1200 linemm -1 ) grating gave a 2- 
pixel resolution of 1.1 A with coverage from AA6200 — 7160 
A. Exposure times of 3 x 1200 s for these stars yielded con- 
tinuum signal-to-noise (S/N) ratios of 15 — 20 near Ha. The 
spectra were calibrated using dome-flats, bias frames and 
Ne-Ar arc frames, making use of standard library routines 
such as cedproc within IRAF. 

Analysis of the spectra showed that both of these stars 
were active, lithium-rich late-type objects. These two stars 
(henceforth ECHA J0838. 9-7916 and ECHA J0836.2-7908, 
respectively) are assigned an r\ Cha cluster designation 
making use of J2000 coordinates. Identification fields, de- 
rived from the Second Palomar Observatory Sky Survey 
(POSS-II), are shown in Figure |3] Both sta rs reside outside 
the R OSAT HRI discovery observation of iMamaiek et al] 
(1999) and are located 17 — 18 arcmin SW of the cluster 
centre. 

To accurately spectral type the two new cluster mem- 
bers, we also obtained low-resolution 2.3-m/DBS spectra 
(2 A-resolution in the blue arm, and 4 A-resolution in 
the red arm) using the 300B (300 linemm -1 ) and 158R 
(158 linemm -1 ) gratings during 2002 March. The blue 
and red spectra were obtained simultaneously in a pseudo- 
spectrophotometric mode; with the slit width set to max- 
imise the spectral resolution, and oriented vertically to elim- 
inate differential refraction. The spectra were calibrated us- 
ing flat-spectrum sources and flux calibrators, and when 
combined had continuous coverage from AA3500 - 10200 A. 
These data were compared to spectra of M-type dwarfs from 
the LHS ca t alogue obta ined with the same instrumentation; 
seelBessell dl990l . ll99lh for a list of late-M LHS stars, and 
iBesselll ill 9991) for a description of the spectroscopic reduc- 
tion techniques used here. Spectra obtained in this manner 
permit comparative spectral typing and extraction of syn- 
thetic colours, but not the measurement of fluxes. 



3 CLUSTER MEMBERSHIP 

The stellar population of the r\ Cha cluster has been pro- 
gressively defined via several methods; X-ray detection and 
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Figure 1. 45 X 45 arcmin POSS-II red-band image of the 77 Cha cluster region centered at a, 8 (2000) = 8h 42m 06s, — 79d 01m 38s; 
the spatial centre of the 3 early- type systems in the cluster (Mamajek et al. 2000). The seventeen known cluster primaries are identified. 



astrometric stud y llMamaiek" et al] 1 19991 l200d) and photo- 
metric selection (|Lawson et al]l2002f ) . with subsequent spec- 
trosc opic study confirming stellar youth in late- type mem- 
bers. iMamaiek et al.l il999l) characterised twelve X-ray ac- 
tive stars detected using ROSAT HRI; r\ Cha, RS Cha and 
ten late-type members ranging from spectral types K4 - M5, 
and added the X-ray quiet HD 75505 with Tycho astrometry 
consistent with the Hipparcos distances and proper motions 
of r? Cha and RS Ch a. From optical photometric selection, 
lLawson et al] (l2002f) added two X-ray faint stars residing 
within the ROSAT HRI field, including the CTT star ECHA 
J0843.3-7905. In this paper we complete an extended photo- 
metric survey with the aim of detecting all late-type cluster 
primaries within r = 23—32 arcmin of the cluster centre, and 
announce the discovery of two new low-mass members which 
likely completes the inventory of cluster primaries within 
this region. 



3.1 New members 

3.1.1 ECHA J0836. 2-7908 

The DBS Ha region spectrum of ECHA J0836. 2-7908 (Fig- 
ure shows moderate levels of Ha emission for a M- 
type PMS star (equivalent width EW = -8.3 A) and 
strong A6707 Li I absorption {EW = 0.6 A) comparable 
to other rj Cha cluster la te-type members (M amaiek et al] 
119991: lLawson et aljEool) . 

For ECHA J0836. 2-7908 we determined a spectral type 
of fa M5.5 from the low resolution DBS spectra. The star has 
optical and 2MASS photometry consistent with a M5.5 spec- 
tral classification, e.g. (V-I) = 3.76 (M5.5), (V-K) = 6.71 
(M5.5) and (I - K) = 2.95 (M5.5) using data presented in 
T able U and emp loying the spectral type-colour conversions 
of Bcsscll (1991). With V = 17.66 and an inferred mass of 
M « 0.15 M using Siess, Dufour & Forestini (2000) tracks, 
this star is the faintest and lowest-mass primary known in 
the cluster. The position of the star in the (V — I) versus 
V colour-mag diagram (Figure |2l is suggestive of the star 
being binary, which we discuss in Section 3.2.1. 

Multi-epoch VRI CCD photometry was obtained with 
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Figure 2. Colour-magnitude diagram for the known late-type 
members of the r\ Cha cluster. The bold line is the extrapolated 
linear sequence of the late-type RECX stars from Lawson et al. 
(2001). The curved line is a second-order approximation to the 
isochrone for those stars likely to be single (or high-mass ratio 
binaries) and those without photometry distorted by significant 
continuum and line emission; see the text for details. The RECX 
stars are denoted by number, with known and suspected binaries 
indicated. The ECHA-numbered stars are identified using abbre- 
viated labels; see Tabic 2 for their full identifications. 
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Figure 3. POSS-II red-band finder charts (width = 3 arcmin) 
centred on the positions of (a) ECHA J0836.2-7908 (b) ECHA 
J0838.9-7916. 



the 1-m telescope at SAAO during 2002 April. 22 epochs 
were obtained over a 12 d interval, with exposure times of 
90 s, 60 s and 30 s in the VRI bands, respectively. The 
reduction and analy sis of the mult i-epoch data followed that 
described bv lLawson et alJ 1120011) . Fourier analysis showed 
no significant periodicities were present in the light curves. 
The VRI data sets showed scatter at the 1-cr level of 0.03 
mag (in V), 0.01 mag (in R) and 0.01 mag (in /); levels 
similar to comparably-bright field stars. 



3.1.2 ECHA j '0838. 9-7916 

Ha region DBS spectroscopy of ECHA J0838.9-7916 (Figure 
shows moderate Ha emission (EW = -8.0 A) and A6707 
Li I absorption (EW = 0.3 A) lines. Low-resolution DBS 
spectroscopy indicates a spectral type of M5 - M5.5, which 
we confirm from the measured photometric colours, e.g. (V— 
I) = 3.54 (M5.2), (V - K) = 6.39 (M5.2), and (I - K) = 
2.85 (M5.2); see Table [T] We adopt a spectral type of M5.2 
fo r this star. From c omparison with the evolutionary tracks 
of ISiess et all fcOOd) we infer a mass of M « 0.16 M Q . Like 
ECHA J0836. 2-7908, the position of ECHA J0838.9-7916 
in the (V — I) versus V colour-mag diagram (Figure |2J is 
suggestive of the star being binary; see Section 3.2.1. 

Multi-epoch (21 epochs) VRI photometry obtained at 
SAAO during 2002 April showed no evidence for periodic- 
ity. The VRI data sets showed scatter at the 1-cr level of 
0.01 mag in all three photometric bands; levels similar to 
comparably-bright field stars. 

The lack of variability (see also the previous section on 
ECHA J0836. 2-7908) is surprising when periodic behaviour 
due to the rotational modulation of cool starspots or accre- 
tion hotspots has been detected in all other la te- type cluster 
members w hich span spectral types K5 - M4 dLawson et alJ 
l200lll2002l) . Either the light curves of both these new M5 
members are undersampled, or both stars have their rota- 
tion axes aligned pole-on, or we have detected a significant 
reduction in magnetic activity in these ~ 10 Myr-old M5 
PMS stars. The photometric noise level of our observations 
indicates the spot coverage of both stars (strictly, the differ- 
ence in coverage during the star's rotation period) cannot 
exceed 1 — 2 percent. This is a factor of 2 — 4 lower than the 
light amplitudes observed in the M4 cluster members RECX 
5 and ECHA J0841. 5-7853. 

The USNO-B1.0 catalogue lists a proper motion for 
ECHA J0838.9-7916 of (jx a , /j, s ) = (-34 ±3, 24 ± 12) 
masyr -1 . The proper motion is consistent with the weighted 
mean of Tycho-2 proper motions for the brightest cluster 
members of (n a , Ma) = (—30.0 ± 0.3, 27.8 ± 0.3) masyr -1 
jMamaiek et alJl200o|) . 



3.2 An improved census of the r\ Cha cluster 

With no new cluster members detected between r = 18 — 23 
arcmin distance from the cluster centre, and with coverage 
as distant as r = 32 arcmin in the corners of the 45 x 45 ar- 
cmin surveyed region (Figure 0, our X-ray, astrometric and 
photometric surveys has likely discovered the full extent of 
the cluster's stellar primary population with spectral types 
earlier than ~ M6, unless other stars have been distantly 
removed by evaporation or dynamical ejection. 

Table|5|lists the known stellar primaries associated with 
the cluster. A number of these stars are in known or sus- 
pected (indicated by the '?' in the column of companion 
masses in Table |5J multiple systems. Other than for RS 
Cha AB which has accurate physical masses, we infer the 
mass of the primary s tars from compari son with the PMS 
evolutionary tracks of ISiess et alJ (I200CT) . The presence of 
companions and their masses are inferred using a range of 
evidence that we detail in the following sub-sections. For the 
late-type stars our current observations are sensitive only to 
low mass ratio binaries, thus the frequency of systems with 
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Table 1. J2000 position, Cousins VRI and 2MASS JHK photometry, and spectroscopic features of the two new members of the rj Cha 
cluster. The spectral types have an estimated uncertainty of 0.1 subtype; see Section 3.1 for details. 
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Figure 4. Ha region spectroscopy of ECHA J0836. 2-7908 and 
ECHA J0838. 9-7916 showing Ha emission and A6707 Li I absorp- 
tion lines. 



higher mass ratios is unknown and therefore the level of mul- 
tiplicity is likely to be higher than we discuss here (see also 
Section 4 for discussion of the cluster IMF) . 



stars of similar spectral type (see Figure suggesting near- 
equal mass binary sys t ems. Speckle if-band imaging by 
IKohler fc Petr-Gotzensl (120021) using the European Southern 
Observatory 3.5-m NTT found both stars have companions 
at separations of 0.1 — 0.2 arcsec (10 — 20 AU projected sep- 
aration at d = 97 pc). RECX 1AB and RECX 9AB have K- 
band brightness ratios of « 0.8 and 0.5, respectively. RECX 
1A is a mid-K star, indicating RECX IB is a late-K star. 
RECX 9 A has a spectral type of M4, indicating RECX 9B 
is a M5 star. 



3.2.3 RECX 2 = r\ Cha 

rj Cha was de tected in X-rays by RO SAT HRI with log Lx = 
28.8 ergs -1 jMamaiek et al-lEoOOh . The X-ray emission is 
likely associated with a low mass companion. Employing 
the broad Lx — M r elationship seen in Orion PMS stars 
jFeieelson et alJl2005t . we tentatively assign the companion 
to be an early-M star with M = 0.50 M Q . 



3.2.4 RECX 7 

RECX 7 is a dual-lined spectroscopic binary with a mid-K 
spectral type pr imary and a binary mass-ratio of w 2.3 : 1 
l|Lvo et al.l2003l) . If RECX 7A is a near-solar mass star, then 
RECX 7B is a ~ 0.5 M early-M star. 



3.2.1 ECHA J0836. 2-7908 and ECHA J0838. 9-7916 

Compared to the location of ECHA J0841. 5-7853 in the 
(V — I) versus V colour-magnitude diagram (Figure|5Jl both 
these new cluster members appear to have elevated V mag- 
nitudes for their (V — I) colour. We illustrate this point in 
Figure [5] by fitted a second-order polynomial to those stars 
(see Section 3.2.7) we believe are single or high mass ra- 
tio binaries (excluding the CTT star ECHA J0843. 3-7905 
with photometry affected by continuum and/or line emis- 
sion). This curve probably better represents the isochrone 
for the low-mass members than the linear fit of lLawson et alJ 
feOOllh also shown in Figure H If ECHA J0841. 5-7853 de- 
fines the location of the cluster isochrone for late-M spectral 
types, then both ECHA J0836. 2-7908 and ECHA J0838.9- 
7916 appear over-luminous by « 0.7 mag and are candidate 
near-equal mass binary systems. 

3.2.2 RECX 1 and RECX 9 

Both stars are elevated by 0.5 — 0.7 mag in the (V — I) ver- 
sus V colour-magnitude diagram compared to other RECX 



3.2.5 RECX 8 = RS Cha AB 

RS Cha AB is a A7+A8 dual-lined eclipsing system with 
accu rate physical masses of Ma = 1-86 M p, and Mb ~ 1.82 
M jAndersenll99ll : lMamaiek et al.ll2000f) . RS Cha was de- 
tected in X-rays by RO SAT HRI with log L x = 29.9 ergs -1 
jMamaiek et alJ 2000). As for rj Cha, we tentatively asso- 
ciate the X-ray emission with a low mass (M ft; 0.5 Mq 
tertiary) companion. 



3.2.6 RECX 12 

RECX 12 is elevated by ft* 0.7 mag in Figure compared 
to other cluster stars of similar spectral type, suggesting the 
star is a near-equal mass binary. Other evidence for bina- 
rity includes the detection of dual periodiciti es in the light 
curve of the star measured in 1999 and 2000. lLawson et alJ 
i200ll) detected 1.3 d and 8.6 d p eriods in a multi-epoch 
V ban d study in both years. Also, IKohler fc Petr-Gotzensl 
(2002) suggested RECX 12 may be a binary, but unresolved 
in their if-band speckle observations. 
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Table 2. Membership of the r) Cha cluster, ordered in increasing 
Right Ascension. The radius of each system from the cluster cen- 
tre is given. Primary and compansion masses are physical masses 
(for RS Cha AB) or inferred from comparison with the evolution- 
ary grids of Siess et al. (2000). Probable companions are indicated 
with a '?'. Chamaeleon variable star designations for the low-mass 
RECX stars are from Kazarovets et al. (2003). 



Star 


Radius 


Primaries 


Companions 




(arcmin) 


(Mg) 


(M Q ) 


ECHA J0836.2-7908 


18.02 


0.15 


0.15? 


RECX 1 (EG Cha) 


15.63 


1.00 


0.70 


ECHA J0838. 9-7916 


17.18 


0.16 


0.16? 


RECX 2 (jj Cha) 


4.43 


3.40 


0.50? 


ECHA J0841. 5-7853 


8.70 


0.19 




RECX 3 (EH Cha) 


2.33 


0.32 




HD 75505 


1.61 


1.85 




RECX 4 (EI Cha) 


2.56 


0.49 




RECX 5 (EK Cha) 


3.96 


0.26 




RECX 6 (EL Cha) 


7.09 


0.35 




RECX 7 (EM Cha) 


4.35 


1.08 


0.50 


RECX 8 (RS Cha) 


4.06 


1.86 


1.82+0.50? 


ECHA J0843.3-7905 


5.04 


0.37 




RECX 9 (EN Cha) 


6.71 


0.20 


0.18 


RECX 10 (EO Cha) 


16.52 


0.60 




RECX 11 (EP Cha) 


14.27 


1.04 




RECX 12 (EQ Cha) 


18.16 


0.35 


0.35? 



3.2.7 Other cluster members 

Our observations suggest ECHA J0841. 5-7853, RECX 3, 
HD 75505, RECX 4, RECX 5, RECX 6, ECHA J0843.3- 
7905, RECX 10 and RECX 11 are likely single stars, or 
possibly high-mass ratio binary systems. 



4 MASS FUNCTION OF THE r) CHA 
CLUSTER 

The stellar initial mass function (IMF) is important for stud- 
ies of star formation and stellar evolution in clusters and 
galaxies. Surprisingly, the IMF has been shown to be es- 
sentially uniform in space and time, suggesting that the 
basic process of the star formation is somewhat universal 
jElmegreenll2002l) . However, IMF studies are usually con- 
fined to rich clusters or widespread field populations, and 
have rarely been examined in a sparse cluster environment. 

4.1 Comparison with rich young clusters 

Using the membership and masses in Table |5J we com- 
pare the IMFs of the sparse r] Cha cluster and rich Orion 
Trapezium Cluster in Figure 5. For the Trapezium clus- 
ter, we adopt power-law slopes F = —2.21 for M* > 0.600 
Mq, -1.15 for 0.600 > M, > 0.120 M , and -0.27 for 
0.120 > M* > 0.025 Men, where F = dlog N(N* > log 
M,)/d log M» jMuench et al.ll2002l) . 

For both the distributions of primary (Figure 5a) 
and member masses (Figure 5b), we scale the Trapez- 
ium IMF to the observed cumulative distributions for r\ 
Cha by minimizing the Kolmogorov-Smirnov (K-S) statis- 
tic, or supremum difference between the distributions. We 
find the distribution of primaries/members is consistent 



with the Trapezium IMF at the P = 90 percent confi- 
dence level according to the K-S test, although we sus- 
pect a few low mass stars may remain to be discovered 
in high-mass ratio multiple systems. Also, if the clus- 
ter population does significantly extend beyond the lim- 
its of the searched area, then they are likely to be low- 
mass members ejected by dyna mical interactions. A num- 
ber of recent dynamical studies iSterzi k. Durisen fc Pickettl 
l200ltlDelgado-Donate. Clarke fc Batell200St find small stel- 
lar groups can evolve toward evaporation and dispersal on 
timescales of a few Myr, with an outer halo dominated by 
low-mass single stars. 

Extending the comparison to masses M < 0.15 Mq, 
we predict (for primaries; Figure 5a) an additional 10 stars 
between 0.08 < M < 0.15 M and 10 brown dwarfs be- 
tween 0.025 < M < 0.08 M . For all members (primaries 
and companions) the comparable numbers are 14 and 15, 
respectively. Thus from this calculation we expect the undis- 
covered low-mass population (objects with M > 25 Mj) of 
the r\ Cha cluster is comparable in number to the known 
stellar population, if this cluster follows the IMF of a rich 
young stellar clusters such as Trapezium. 

4.2 Comparison with sparse young groups 

We also consider the suggestion of I Adams fc Myers! (l200lT) 
that young small groups and rich clusters represent differ- 
ent types of physical systems and hence different models of 
star formation. Therefore, we compare the mass function of 
r\ Cha cluster with the mass function of other young small 
groups. In this case, we use the ratio 5ft of intermediate- to 
low-mass stars where 5ft = N(l - 10 M s )/iV(0.1- 1 Mq) be- 
cause the mass bins are wider than the uncertainties in stel- 
lar mass determination from PMS models and to alleviate 
the statistical issues raised when comparing mass functions 
of groups with small populations. For the r\ Cha cluster we 
obtain 5ft = 0.55 ± 0.39 and 0.37 ± 0.22 for primaries and 
members, respectively. These values are consistent with the 
range of ratios 5ft = 0.07 — 0.45 found for nine small young 
groups/clusters containing 27 to 133 members (see Table I 
of Meyer et al. 2000). 

4.3 Comparison with the field IMF 

The observed ratios for r\ Cha are consistent with 
the expected ratios (for primaries) using the IM F's of 
iMiller fc Scalcl (Il979l) (5ft = 0.185) and lKroupal feOOll) (5ft = 
0.199). 

Merging the above comparisons, we find no significant 
difference between the IMF for the r\ Cha cluster, when com- 
pared to other small young stellar groups, rich young clus- 
ters, or field stars. 



5 POPULATION AND MASS DISTRIBUTIONS 
OF THE V CHA CLUSTER 

5.1 Mass segregation and dynamical state 

iHillenbrandl (Il995l) shows a correlation between the stellar 
density of compact groups and open clusters, and the mass 
of the most massive cluster member; also see figure 2 of 
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Figure 5. Mass function for the rj Cha cluster for (a) primaries and (b) members including known and probable companions. In both 
(a) and (b) we compare the cluster mass function to the Trapezium IMF (thin lines); see Section 4.1 for details. 



Clarke, Bonnell & Hillenbrand (2000). The 77 Cha cluster 
follows th e correlation seen i n other clusters; see Figure [5] 
Following Hille nbrand! 1(1995), we obtained the measure of 
cluster 'richness' by counting the number of primaries in 
the central 0.33 pc (r = 6 arcmin). For the 77 Cha cluster, 
we count 8 primaries within 6 arcmin of our adopted cluster 
centre lead by the M = 3.4 M B9 star 77 Cha. 

Studies have also shown that the most massive stars 
of rich stellar clu sters are concentrate d in the central 
core, e.g. Mo n R2 iC^£rjejrter_^t_alJll997|), th e Orion Neb- 
ula Cluster ^Hillenbrand fc HartmanrJ Il998l) . NGC 6231 
Raboud fc Mermilliodlll998l) and NGC 2157 in the LMC 
Fisc her et all 19 981 . Em ploying iV-body simulation s of stel- 
lar cluster populations, IBonnell fc Davie's! lll998l) suggest 
that mass segregation in rich clusters reflects the initial con- 
ditions of the cluster, and is not a consequence of dynamical 
interactions. 

In Figure Q we plot the cumulative radial (a) num- 
ber and (b) mass distributions for primaries (thin lines) and 
members (bold lines) in the 77 Cha cluster. These distribution 
plots are flat beyond r > 18 arcmin, reflecting the absence of 
cluster members beyond this radius. The dotted lines are the 
expected distributions for isothermal spheres with core ra- 
dius r c = 18 arcmin (0.5 pc). The radial distribution (Figure 
7a) of stars is consistent with an isothermal sphere. However, 
the observed mass distribution (Figure 7b) appears more 
centrally concentrated than the isothermal model, with the 
difference significant at the P > 95 percent confidence level 
for primaries (P > 99 percent for members) based on the 
1-sample K-S test. 

An alternative measure of mass segregation considers 
the radial (U — V) colour excess, where t he photometric 
colour effectively acts as a mass surrogate. ISaear fc"B hatt 
( 1989) studied 12 open clusters via integrated UBV colours 
using the observations of individual cluster members and 
demonstrated that clusters showing pronounced mass seg- 



regation also show significant radial variations in inte- 
grated colour, where A(U — V) = [(U — V)out cr region - 
(U - V) inner region )] > 0.15 mag. For the 77 Cha cluster 
stars, with no available (7-band photometry, we estimated 
the photospheric [/-band magnitude using th e colour con- 
version tables of iKenvon fc HartmanrJ J1995T) 1 . Comparing 
the integrated colour for members residing within r < 6 
arcmin (the inner region), and those outside (the outer re- 
gion) we find A(U — V) « 2.0 (ignoring 77 Cha itself to reduce 
the stochastic effects of the brightest cluster member). This 
co lour excess for the 77 C ha cluster exceeds all values found 
bv lSaear fc Bhat tl 1^989), whose highest value was A(U— V) 
= 1.05 for NGC 6530. 

From the radial mass and colour distributions, we con- 
clude that significant mass segregation is present in the 77 
Cha cluster. This is the sparsest stellar cluster for which 
mass segregation has been seen. Without detailed dynamical 
modeling and the availability of precise space velocities for 
cluster members; see e.g. Delgado-Donate et al. (2003), our 
observations do not as-yet allow us to distinguish between 
mass segregation arising from the cluster formation process 
or from dynamical two-body or iV-body interactions. 

A related question is whether the immediate environ- 
ments of higher mass stars have unusual densities of lower 
mass stars, e.g. Orion Trapezi um OB stars show hig h num- 
bers of nearby low-mass stars iPreibisch et al.lll999l) which 
may support models where high mass stars form from the 
coale scence of many lower mass stars llTesti. Palla fc Nattal 
1998). Two of the intermediate-mass stars, RS Cha (known 
double, and probable triple system) and HD 75505 (itself 
single), have 2 — 3 low-mass stars residing within a few ar- 
cmin, while 77 Cha itself (probable binary) appears isolated. 

1 This is an appropriate technique even with the availability of U- 
and B-band fluxes, since PMS stars often show U- and B-excesses 
due to chromospheric emission. 
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Figure 6. Stellar surface density (stars pc -2 ; measured within 
the inner 0.33 pc) compared to the mass (Mq) of the most massive 
cluster member. Values other than for the r\ Cha cluster (filled 
square) are adopted from Hillenbrand (1995). Random errors of 
±5 percent in mass and y~N in star counts are shown, along with 
a least-square fit to these data. The comparison shows the 77 Cha 
cluster follows the 'richness' - mass pattern seen in other compact 
groups and open clusters; see Section 5.1. 



We thus see no consistent excess nor deficiency of lower mass 
stars in the close vicinity of the higher mass stars. 

5.2 Cluster geometry 

There is a hint that the shape of the r\ Cha cluster is 
flattened in Figure with a projected axis ratio of ~ 
2:1 in a NE-SW orientation, although the flattening is 
not statistically significant due to the small- AT population. 
Flattened-shapes have been documented in other young 
cluste rs, e.g. the Orion Nebula Cluster, Mon R2, and NGC 
2024 llHillenbrand fc HartmanrJl998tlCarpenter et aljl997t 
lLada. Ballv fc StarkHigolT These shapes may be the result 
of externally-triggered star formation, e.g. the passage of 
shock waves, or due to cloud-cloud collisions (Clar ke et alJ 
2000). Possible internal triggers could involve an anisotropy 
of gravitational collapse due to magneti c field s, or possibly 
a non-spherical proto-cloud, e.g. iLarsonl jl985t) . 

5.3 Binary fraction 

The 17 stellar systems in the 77 Cha cluster include 4 
known binaries of which one is a probable triple, and 4 
prob able binaries, for a mult i ple fr action of 24 — 47 per- 
cent. IKohler fc Petr-Gotzerisl J2002t) surveyed the RECX 
stars and the CTT star ECHA J0843.3-7905 for compan- 
ions with separations < 8 arcsec (800 AU) using H- and 
A'-band speckle imaging. They resolved only RECX 1AB 
and RECX 9B with separations of « 20 AU. This indi- 
cates the other known and candidate binaries common to 
our studies (Kohler & Petr-Gotzens did not observe the 
two new low-mass candidate binaries announced in this pa- 
per) have separations < 13 AU, the diffraction limit of the 
3.5-m NTT at A"-band . A po ssible constraint limiting the 
IKohler fc Petr-Gotzerisl (I2002T) study is the AK « 2.5 mag 
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Figure 7. Cumulative radial (a) number and (b) mass distribu- 
tion for primaries (thin lines) and members (bold lines) in the 77 
Cha cluster. These lines are horizontal for r > 18 arcmin from the 
cluster centre, reflecting our non-detection of cluster members be- 
yond this radius. The dashed lines for 23 < r < 32 arcmin reflect 
the partial completeness of our survey at these radii; see Section 
2. The dotted lines for r < 18 arcmin are the distributions for 
isothermal spheres; see Section 5.1 for a statistical evaluation of 
these distributions. 



detection limit between primaries and companions. How- 
ever, with the exception of the probable low-mass compan- 
ions to rj Cha and RS Cha AB, the other known and sus- 
pected binaries in the f] Cha cluster are near-equal mass 
(and therefore near-equal brightness) systems. 

The known/probable multiple fraction in the rj Cha 
cluster is ~ 2 — 4x higher than the multiple fraction for 
solar-type main-sequence stars in the Sun's neighbor hood 
for separations < 100 AU llDuauennov fc MavoiHl99ll) . For 
a group of 17 systems, the b inary separation distribution 
of iDuquennov fc Mavorl jl99lT) predicts ~ 2.5 multiple sys- 
tems; 

IKohler fc Petr-Gotzensl J2002) noted the non-detection 
of companions at separations > 0.3 arcsec or > 30 AU. We 
confirm this result, for separations > 1 — 2 arcsec (100 — 200 
AU), from our photometric survey which found no candi- 
date cluster me mbers located nearby k nown primaries. The 
distribution of IDuquennov fc MavoJ (Il99lfl predicts ~ 2 
sys tems with separations o f 100 — 800 AU. As discussed 
by IKohler fc Petr-Gotzena (120021) , this may indicate a de- 
ficiency of binaries with large separations in the 77 Cha clus- 
ter. 

In addition, 3 — 6 pairs among the 8 known/probable 
multiple systems of the 77 Cha cluster have companions of 
near-equal mass (mass ratio < 2 : 1). This result sup- 
ports the notion that most binary stars form by fragmen- 
tation during the collaps e of dense molecular cloud cores 
llBodenheimer et al.l2 000 ) . Bi naries resulting from star-disc 
capture llMcDonald fc Clarke! H99oT) should show the com- 
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panion mass distribution reflect almost random pairing from 
the I MF. 

d Kroupal il995ft. [Bouvier. Rigaut fe Nadeaul Jl997l) and 
lieu et alJ 11200(11 suggest that the density of the star- 
forming region and the cloud temperature can influence the 
binary fraction. The high binary frequency in the rj Cha 
cluster is similar to the binary fraction in Taurus (43 ± 5 
percent; Kohler & Leinert 1998) which is ~ 2x higher than 
that expected for field stars, and the binary fraction in 
Taurus- Auriga and Ophiuchus-Scorpius (60 ± 17 percent; 
Ghez et al. 1993), about 4x higher than that for field 
stars. In dense star-formati on regions, e.g. the Trapezium 
JSimon. Close fc BeckHl999l) and NGC 202 4. NGC 2068 and 
NGC 2071 jPadgett. Strom fc Ghezlll997D . the binary frac- 
tion appears roughly equal to that of the field stars. Together 
these consistent results support a relation between the bi- 
nary fraction and the stellar density of star-forming regions. 



6 CONCLUSION REMARKS 

An optical photometric survey of 45 x 45 arcmin (1.3 x 1.3 
pc) centered on the rj Cha star cluster has added two new M5 
- M5.5 WTT stars to the known cluster population. With 
no other cluster members found at r < 23 arcmin from the 
cluster centre, and as far as 32 arcmin in some directions, 
we have likely located all cluster primaries with spectral 
types earlier than ~ M6 unless other stars have been more- 
distantly removed by evaporation or dynamical processes. 
These two new stars contribute to a cluster population of 17 
primaries ranging from spectral type B9 - M5.5. 

We characterise the binary population of the cluster 
using a diversity of evidence ranging from light curve anal- 
ysis, radial velocity variability, speckle imaging and colour- 
magnitude diagram placement to identify 4 confirmed and 
5 probable stellar companions, most with low mass ra- 
tios (1 — 2.5:1). The high-mass ratio binary population of 
the cluster remains largely undefined, except for probable 
companions to two of three early-type stars. However, the 
known/likely multiple fraction of 24 — 47 percent is already 
2 — 4x higher than the observed field star multiplicity. 

We investigate the rj Cha cluster IMF by comparison to 
the IMF of a well-characterised rich young cluster (Trapez- 
ium), and predict 20 — 29 undiscovered low-mass stars and 
brown dwarfs (M = 0.025 — 0.15 Mq) are likely to be as- 
sociated with the known stellar population of 17 primaries 
(21 — 26 members). We also compare the cluster IMF to that 
of other sparse young stellar groups, and to the field IMF. 
We find no significant difference between the IMF of the 
rj Cha cluster and the three comparator groups. This sug- 
gests there is no diversity in the IMF across several orders 
of magnitude size scale of star formation in the Galaxy. 

From study of the cluster's spatial and mass distribu- 
tion we find the rj Cha cluster has significant mass segrega- 
tion, with > 50 percent of the stellar mass residing within 
the central 6 arcmin (0.17 pc). Since the rj Cha cluster is, at 
the same time, sparse (17 primaries), diffuse (average stellar 
density of « 50 stars pc~ 3 ) and young (9 Myr), the cluster 
may be an excellent laboratory for distinguishing between 
mass segregation that is primordial in nature, or due to dy- 
namical interaction processes. 
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